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Abstract. The partial substitution of bio-binder for petroleum asphalt binder is possible in the 
pavement application. Biomass commonly employed renewable energy origin is normally a 
raw substance used for the production of bio-binder, which includes palm oil, microalgae, 
soybean oil, vegetable oil, engine oil residue, grape remains, swine waste and many others. 
This review addresses the diverse bio-oils produced from different biomasses, followed by the 
properties of bio-oils and performance of bio-asphalt. This review also emphasises on the 
hydrothermal processing of biomass and the parameters affecting the quality and quantity of 
the yield for the use in asphalt. Notably, hydrothermal processing is a crucial thermochemical 
converting procedure employed on biomass into materials or biofuel. Following the aimed 
products, such as bio-gas, bio-oil, or bio-carbon, the variables selected during the operation 
(pressure, temperature, and time) is very critical. A notable impact has been placed in 
assessing a wide range of biomass supplies for hydrothermal processing due to the suitability 
of the operation for any biomass category. Provided that the majority of the biomass supplies 
are highly moisturised, the hydrothermal operation is the most efficacious method of 
processing the supplies. On the other hand, the physical, and rheological properties of the bio-
binders or bio-asphalt were highlighted and discussed. Majority of the bio-oils were found to 
improve the low-temperature performance, but reduce the resistance against deformation at 
high temperature of the bio-asphalt. It was also suggested that further studies should 
emphasise on the interaction between the asphalt matrix and bio-oils added at the microscale.  
1. Introduction  
Petroleum asphalt is a by-product of petroleum refinement, and normally employed to construct 
pavement. However, the petroleum is a non-renewable resource and not sustainable. Currently, 
researchers and engineers have been identifying alternative binder in order to reduce the dependency 
over new petroleum asphalt. The use of alternative products is among the most efficacious and 
environmentally-friendly approach to solve this issue. It was recorded that bio-oils could be 
developed from biomass products, including animal waste [1-2], microalgae [3], urban yard waste [4], 
corn stover [5], coffee and tea remains [6-7], rapeseed, and soybeans [8,9] among others. Several bio-
oils have been applied for the modification or partial replacement of the petroleum asphalt binders in 
the asphalt pavement structure [10-11]. Some novel innovations have been generated to create bio-oil 
from biomass products [12-13]. The application of thermal conversion innovation is a novel approach 
to recycle waste, particularly biomass into bio-oil. A high number of thermochemical conversion 
innovations, including pyrolysis, gasification, hydrothermal liquefaction (HTL), direct combustion, 
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and torrefaction could be employed for converting biomass into useful product [14]. Traditional 
thermochemical processes, including pyrolysis and gasification present several demerits. Accordingly, 
dry feedstocks (biomass water of up to 70% of the fuel weight) are important to create positive energy 
stability, improve the raw material, and acquire liquid and gaseous fuels of commercial value [15-16]. 
In this case, hydrothermal liquefaction (HTL), which consists of the breakdown of biomass when 
water and strong pressure are present, could be a notable innovation for the production of liquid 
biofuel from a wet feedstock without the energy-consuming drying operation [17]. Hydrothermal 
liquefaction of biomass is the thermochemical transformation of biomass into liquid fuels through a 
process in a hot water surrounding with pressure for an adequate duration to decompose solid 
biopolymeric form to primarily liquid elements. The regular hydrothermal operations involve 
temperature of 250–374 °C and 4-22 MPa operating pressure [18]. In comparison to pyrolysis, high 
energy efficacy, weak tar production and low operating temperature, are major factors receiving 
researchers’ attention on the liquefaction operation. Extensive studies were performed on the 
generation technology and property characterization of diverse bio-binders, and the pavement 
performance of asphalt mixtures containing bio-binder. To illustrate, Mohamed Metwally [19] studied 
the rutting resistance at high temperature, moisture susceptibility, cracking resistance at low 
temperature, and fatigue resistance of pine wood chops-based bio-asphalt. It was recorded that 
biomass heavy oil might enhance moisture susceptibility and cracking resistance to a certain degree. 
When sunflower oil mixed with soybean oil was employed as the adjuster, the modified asphalt binder 
was softer compared to the virgin asphalt, while improvement in low-temperature cracking resistance 
was observed [20-21]. Dong et al. [22] investigated the rheological properties of bio-asphalt binder, 
which contained castor oil and adjusted with crumb rubber and SBS. It was found that the composite 
adjustment could lead to an improvement in low and high temperature performances of the bio-
asphalt binder. Furthermore, the suitability between polymers and the base asphalt binder was 
improved by adding the bio-asphalt. Therefore, a detailed review of the relevant literature used in 
previous studies is presented to acquire an improved understanding of bio-oils production, the types of 
bio-oils generally used to modify asphalt binder and the performance of bio-asphalt. In addition, some 
of the primary problems and concerns are also highlighted in the review. 
2. Biomass as a Source of Renewable Energy 
Biomass is an organic material primarily consisting of hydrogen, oxygen, and carbon. It presents a 
strong prospective to be used among renewable energy supplies. Plants, including algae, trees, corn, 
rye straw, wheat, fruit, grass, plant-based waste, vegetable wastes, agro-industrial waste, and urban 
waste fall under the biomass [23–25]. Biomass is constantly a primary origin of energy for mankind 
as it constitutes 10–14% of demand for energy in the world. However, by 2050, an exhaustion of the 
source of oil reserves in the world was predicted, while almost a part of the energy need worldwide 
would be replaced with biomass [26]. Biomasses are regularly employed as electrical/thermal energy 
as fuel for transportation and raw products to produce chemicals. In this case, the use of biomass is 
continuously growing at a high rate [26]. Various research were performed on the application of 
biomass as the origin of renewable energy and a replacement for fossil fuels [27-28]. The moisture, 
calorific worth, constant carbon and inconsistent matter amount, remaining and ash amounts, alkali 
metal amount, and cellulose/lignin ratio have a crucial function in selecting biomass as an energy 
source [26]. Moreover, research industries are currently developing bio asphalt from biomass or bio 
waste materials [11,29]. The development of bio asphalt from these biomaterials could lessen the 
requirement for landfill areas and assist in mitigating the release of greenhouse gases [29-30]. A 
biomass is any heterogeneous combinations of organic materials and a low content of inorganic 
materials. Hemicellulose, lignin, cellulose, and extractives are the primary elements of lignocellulosic 
substances. Algal biomass majorly composes carbohydrates, proteins, and lipids. The content of every 
element in biomass is diverse following the category of biomass, tissue classification, development 
stage, and development of plant [31]. Biomass consists of strong oxygen content in comparison to 
fossil fuels. Normally, through biomass dry weight, 30–40% represents the oxygen, 30–60% indicates 
carbon, and 5–6% is hydrogen based on the ash amount. Sulphur, nitrogen, and chlorine constitutes 
biomass of below 1%, which present in the form of several categories of biomass [32]. Inorganic 
elements of the biomass are present in the form of ash. The carbohydrate part of biomass consists of 
hemicellulose and cellulose, while the non-carbohydrate part consists of lignin [33]. Hemicellulose 
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and cellulose offer mechanical and structural power to the plant, while lignin, a non-carbohydrate, 
leads to constantly stable structures [26]. 
3. Biomass Conversion Technologies 
The technologies implemented for the conversion of biomass into biofuels (e.g., solid, gas, and liquid 
fuels) with significant energy amount or important chemicals could be divided into two categories. 
The first category, specifically biochemical conversion innovations, reduces biomass with 
microorganisms and enzymes, while the second category, thermochemical conversion innovations, 
reduces biomass with heat. Furthermore, hydrothermal operation is a thermochemical conversion 
technology, which is used to produce liquid, including solid and gaseous products from biomass [34]. 
Diverse biomass conversion technologies are presented in Figure 1. 
 
Figure 1. Biomass conversion technologies [26]  
The reduction of biomass takes place naturally through a biochemical phenomenon. These 
procedures, which consist of aerobic and anaerobic reductions, enzymatic hydrolysis, and 
fermentation, are carried out using bacterial enzymes and micro-organisms [35]. In anaerobic 
reduction performed by bacteria using oxygen from the biomass rather than oxygen from the air, 
generalisation is performed on CO2 and CH4 gases, including a solid material. In aerobic degradation, 
micro-organisms are separated into biomass to form heat, CO2, and a solid material through oxygen 
from the air [36]. Meanwhile, thermochemical conversion technologies follow the thermal 
decomposition of biomass into valuable chemicals and fuels. The thermochemical change in biomass 
is among the oldest procedures implemented for various reasons, including cooking, heating, and 
producing coke. Thermochemical conversion innovations comprise hydrothermal operation, pyrolysis, 
gasification, and combustion [37]. Pyrolysis is among the most notable thermochemical conversion 
technologies for the thermal reduction of an organic matter in an inert atmosphere. Its importance is 
due to the liquids formed through the pyrolysis of biomass, which could be efficiently managed, kept, 
and transported [38]. Subsequently, solid, liquid, and gaseous products are acquired, which also varies 
based on some elements, including pyrolyzer design, biomass type, pyrolysis temperature, heating 
rate, catalyst, and residence duration. The form of biomass is among the more notable elements 
determining the constitution of the pyrolysis products [39]. Hydrothermal operation is a chemical 
innovation and major thermochemical conversion process made for the conversion of biomass into 
matters or biofuel of value. Hydrothermal liquefaction and gasification are two essential categories of 
hydrothermal processes. Hydrothermal carbonisation is a comparatively a new method, which has 
been prominent recently [40]. A hydrothermal procedure normally takes place in 250 – 374 °C under 
4 – 22 MPa pressure. This procedure could also be performed under self-generated pressure. Notably, 
biomass with high moisture content could be used in this process without pre-drying [41]. The 
conversion of biomass takes place into a solid material identified as bio-char, a liquid product known 
as bio-oil and gas product. Figure 2 presents the materials from the hydrothermal transformation of 
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biomass into the target material (e.g., bio-char, bio-oil, and gaseous materials) through the changes in 
the process variables, including reaction temperature and time, reactor pressure, and catalyst presence 
[42].  
 
Figure 2. Products obtained from hydrothermal conversion of biomass [26]  
3.1. Hydrothermal Liquefaction (HTL) 
Hydrothermal liquefaction of biomass is the thermochemical transformation of biomass into liquid 
fuels through a process in a pressurised and not water environment for an adequate duration to divide 
the solid biopolymeric form primarily into liquid elements. The regular hydrothermal processing 
conditions are present under 250 – 374°C and operating pressures from 4 to 22 MPa. The majority of 
the studies on HTL was performed in small (10 - 1000 ml) batch-type autoclave stirred reactors 
created with stainless steel (SS316), which led to long residence duration (up to 1 hour) and low 
heating rates. The investigations are normally performed under high pressure and medium heat 
offered by a molten tin bath [43], heating jacket [44], small GC-oven [45], or external electric heaters 
[46]. In comparison to pyrolysis, the low operating temperature, major energy efficiency, and low tar 
yield are the primary factors highlighted by researchers on the liquefaction procedures [47]. Previous 
research demonstrated that the ideal temperature for biomass liquefaction might range from 200°C to 
450°C based on the solvents, catalysts, biomass feedstock, and other operating parameters [48]. Bio-
crude oil yield increased with reaction temperature, while the reactions occurring in liquefaction 
comprised decomposition, repolymerisation, production of bio-crude, aqueous-dissolved chemicals, 
solid residues, and gas [49]. High pressure in the reaction leads to solvent, which was mostly water, to 
constantly be in the liquid state. In this case, the mix of high pressure and temperature reduced the 
dielectric constant and density of liquefaction, which forced hydrocarbons to be water-soluble [50]. 
This result might be associated with the separation of water into OH− and H+ ions at high temperature, 
indicating that hot-compressed water is an effective medium for acid- or base-catalysed reactions 
[51]. Provided that hydrothermal liquefaction (HTL) employs highly moisturised biomass, the costly 
drying/dewatering step is saved. Accordingly, HTL is appropriate for the development of biocrude 
from biomass with varying moisture content including waste-, wood-, and algae-based biomass. 
Various complex reactions occur when the biomass transforms into materials similar to crude oil. The 
complex chemical reactions occurring in hydrothermal liquefaction is caused by non-simplified form 
of biomass [52]. Biomass elements primarily comprise lignin, carbohydrates, fat, and protein [53]. 
Although the breakdown of these elements in subcritical water states lead to diverse products, 
degraded mechanisms consist of specific procedures, namely depolymerisation of the biomass, 
breakdown of monomers (dehydration, cleavage, and decarboxylation reactions), and the remixed 
scattered elements [53]. Some parameters that play an important role in biomass HTL, the most 
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important of which are the residence time, the reaction temperature, the category and use of catalyst, 
solvent category, and the biomass-to-water ratio. 
3.1.1. Temperature 
Temperature is among the major operating parameters in biomass liquefaction, which have a 
significant impact on biocrude productions and features. Based on the cited literature, HTL 
temperature amounts between 200°C and 450°C. Some investigations examined the liquefaction of 
woody biomass, which included Populus tomentosa, Pinus massoniana, Paulownia (woods originating 
from China), and F mandshurica. Subsequently, biocrude yields rose with the increase in reaction 
temperature although a temperature limit is present in all situations in which further temperature rise 
decreases biocrude yields [54-55]. To illustrate, Zhong and Wei's, [56] studied on the HTL and 
recorded that the biocrude yield increased with the increase in reaction temperature, which was 
followed by reduction due to the rise of reaction temperature. This situation occurred due to the 
conflict between the two reactions in hydrolysis, liquefaction, and repolymerisation. Later, Liu and 
Zhang [57] demonstrated that biocrude productions from pinewood HTL in diverse solvents (acetone, 
water, and ethanol) increased with the increase in temperature to a particular extent (400 °C for 
ethanol and acetone and 300 °C for water), followed by a reduction for all examined solvents. Sun et 
al. [54] highlighted that the highest biocrude productions from HTL of Paulownia in hot pressurised 
water were obtained at 300 °C although it was reduced with the rise of temperature. This impact took 
place possibly due to the conflict between the two reactions in the HTL, which involved 
repolymerisation and hydrolysis, as affirmed by Zhong and Wei [56]. 
3.1.2. Residence Time 
The impact of the residence time of biomass HTL, which is identified as the time when the highest 
temperature is sustained for HTL, was examined in numerous studies without taking the heating and 
cooling periods into account. It was found that residence duration impacts the product yields, 
transformation of biomass, and residue yields. Although the rise of residence time leads to the rise of 
biocrude yields, adverse outcomes were obtained upon the further rise in residence time beyond a 
particular threshold [58]. This residence duration threshold is dependent on the catalyst type [55], 
biomass feed, and operating conditions. Xu et al. [59] stated that the probable factors of the biocrude 
productions levelling-off at an increased reaction duration (long residence duration) consist of; i) 
breaking of the liquid substances to gases and ii) development of char by condensation, re-
polymerisation, and crystallisation of the liquid substances. Moreover, Li et al. [58] stated that the 
impact of this parameter had a close relation to the temperature. To be specific, the liquefaction 
reactions of rice stalk at high and low temperatures depend differently on residence time [58]. At low 
temperature, the residue conversion, including liquid and gas productions experience rise and 
reduction with the rise of residence time. However, fluctuation of the yields occurs at high 
temperature with residence time. It was also found that the related breakdown of residue at low 
temperatures and low residence times was not complete, leading to a comparatively low residue 
conversion. The research made on residence time produced controversial findings similar to those of 
bamboo biomass, Ye et al.  [55] specified 80 minutes as the ideal residence duration, while Yip et al. 
[60] identified 840 minutes as the optimal residence duration after examining various residence 
durations (120, 360, 600, 840, and 1080 minutes). Xu and Etcheverry [59] investigated the impact of 
separate residence time (20 – 40 minutes) during the HTL of Jack pine powder, indicating a rise in the 
biocrude yields with residence time for 40 minutes. Several studies were also made on the impact of 
residence time in terms of microalgae HTL, leading to the same findings with those of woody 
biomass. Based on the literature, the solid residue production was reduced with the increase in 
residence time. As the residence time rose further, the solid residue yield slightly increased  as a result 
of further reactions from the oil intermediates while the biocrude production decreased as a result of 
continuous cracking and/or polymerisation [61]. In the case of waste biomass, the ideal residence 
duration for HTL of corn stalk was 30 minutes [62] and 15 minutes for swine manure [63], while Xu 
and Lancaster [64] suggested a residence duration of 120 minutes for HTL of pulp/paper powder. Lu 
et al.'s. [65] research on HTL of reed and corn stover at different residence times (60 - 240 minutes) 
found that residence time had a substantial impact on the development in the liquefied residue, 
leading to an ideal residence time of 150 minutes at 260°C. Table 1 presents the representative 
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literature data of hydrothermal liquefaction of the regular categories of biomass and the operating 
parameters with the strongest influence. 
 
Table 1. Effect of operating parameters of hydrothermal liquefaction on the yield of bio-oil 
 3.1.3. Biomass Type 
Biomass type is a crucial parameter for the control over biomass HTL. Biomass comprises diverse 
compounds, with each having different reactions to hydrothermal treatment. Therefore, the 
physicochemical features and bio-oil yield were found to have a high dependence on feedstock even 
under similar states. Different categories of biomass are present worldwide, with lignocellulosic 
biomass and algae biomass having the highest prevalence in HTL. The primary constitutions of 
lignocellulosic biomass include cellulose, hemicellulose, and lignin [75]. Feng et al. [76] examined 
the impacts of white birch bark, white spruce bark, and white pine bark on bio-oil production in HTL 
under 2.0 MPa starting N2 pressure and 300°C temperature for 15 minutes. The productions of bio-oil 
of the three biomasses in liquefaction amounted to 36%, 58%, and 67%, respectively, indicating the 
impact of biomass categories on bio-oil yield. In Karagöz et al. [77] research on the HTL of some 
biomasses (cellulose, lignin, sawdust, and rice husk) in similar situations (280 °C, 15 minutes), it was 
observed that cellulose presented stronger bio-oil transformation compared to lignin. These findings 
were caused by some factors. Specifically, lignin had the highest stability among the three regular 
compositions despite the challenges in fracturing and liquefying the molecular chain. Furthermore, 
cellulose and hemicellulose consisted of a more basic form, a minor bonding force, and weaker 
stability compared to lignin, which contributed to easier degradation. Algae biomass is among the 
most commonly employed biomasses for HTL process, which comprises diverse elements, including 
protein, carbohydrates, and lipid [78-79]. Biller and Ross [80] examined the HTL behaviour on 
various model biochemical elements, microalgae, and cyanobacteria with diverse biochemical 
contents. The liquefaction outcomes indicated that every element formed bio-oil under hydrothermal 
conditions. In this case, the conversion of protein, lipid, and carbohydrate into bio-oil could be made 
more conveniently compared to other compositions. The oil generation was based on the trend of 
proteins, lipids, and carbohydrates, where lipids form oil yields of 80–55%, protein, 18–11%, and 
carbohydrates, 15–6%.   
 
4. Bio-oil 
One of the by-products of petroleum refining is petroleum asphalt, which is a common material for 










Swine manure 305 40-80 N/A 0.9-2.0 [66] 
Waste biomass 330-350 5-10 K2CO3, ZrO2 0.29-0.63 [67] 
Wood/Glycerol 
wood 
390-420 15 K2CO3 20 [68] 
Pomace algae 350 15 N/A 0.76 [69] 
Pine sawdust 280 15 N/A 7.2-11.3% [70] 
Rice straw 260-350 3-5 N/A 13.0-38.35% [71] 
Kraft lignin 350 6-11 ZrO2, K2CO3 1-2 [72,73] 
Organic fraction 
of municipal solid 
waste 
250-310 60-120 N/A 1-5 [74] 
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rapid depletion of petroleum as a non-renewable resource. Therefore, it has become increasingly 
important to identify alternative resources of petroleum asphalt. Apart from minimising the use of 
asphalt, partially substituting asphalt with certain industrial waste materials in pavement construction 
can enhance the pavement performance. After all, this sustainable approach of material recycling 
presents significant economic and social advantages. Exploring potential substitutes or modifiers of 
conventional asphalt binder has recently gained growing interest of many researchers. Bio-binders 
from microalgae, fractionated bio-oil, cotton seed oil, and crude glycerol are some of the potential 
alternative binders or modifiers. As a complex mixture of various organic compounds, bio-oil 
primarily consists of acids, alcohols, aldehydes, esters, ketones, phenols, and lignin-derived 
oligomers. At ambient temperature, bio-oils mostly present as a dark brown liquid. The approach of 
using bio-asphalt is generally greener and more sustainable. Furthermore, making use of municipal 
waste and animal faeces prevents cases of water and air pollution. The inclusion of bio-asphalt 
reduces the viscosity of asphalt binder and subsequently, lowers the mixing temperature, resulting in 
lower energy consumption and greenhouse gas emissions. As bio-asphalt offers better economic, 
social, and environmental advantages than petroleum asphalt, the generation method and fundamental 
properties of bio-oil modified asphalt binders have been extensively explored in many studies. For 
instance, Fini et al. [1] revealed that the low-temperature performance of asphalt binders can be 
improved with the addition of bio-oils that were generated from swine waste using the pyrolysis 
method. On the other hand, Yang et al.  [81] reported that adding bio-oils that were generated from 
wood waste led to lower mixing temperature of asphalt mixtures and improved high-temperature 
performance of asphalt binders. In another study, bio-oils that were generated from oakwood, 
switchgrass, and corn stover were found to exhibit comparatively similar theological properties to 
petroleum asphalt binders [82].  
4.1. Physical and Chemical Properties of Bio-oil 
The properties of biomass heavy oil have a significant effect on the suitability of biomass heavy oil 
with matrix asphalt, which then impact the pavement conditions. Therefore, an improved 
understanding of chemical and physical properties of biomass heavy oil, particularly chemical 
properties, is important. Table 2 presents some physical properties of bio-oil, which consist of 
moisture content and specific gravity. The moisture of palm shell bio-oil is more significant compared 
to the bio-oil acquired from black alder wood, leading to more challenges in acquiring the 
homogenous samples in the bio-oil. The particular gravity of biomass heavy oil is somewhat larger 
compared to that of the petroleum asphalt, although a particular gravity of the biomass heavy oil from 
plant straw is similar to petroleum asphalt [83]. Metwally and Raouf [84] highlighted the inferior 
physical properties of bio-oil were due to the content aldehyde, ketone, and other macromolecular 
compounds in bio-oil, which are created in the storage, management, and transportation by 
condensation. In Branca et al. [85], analysis on the chemical elements of the beech-based bio-oils, 90 
elements were found, including alcohol, ketone, phenol, and aldehyde among others. Xiujuan et al. 
[86] recorded that acid, aldehyde, alcohol, phenol, ketone, sugar in the bio-oils acquired from rice 
husk through TG-FTIR and GC-MS analysis. Wang et al. [87] recorded that acetaldehyde, hydroxy-
acetone, acetic acid, and furan were the primary elements, while high oxygen and water content led to 
instability of bio-oil and facilitated reaction. Pütün et al. [88] found that the significant oxygen 
amount increased the aging of bio-asphalt. The essential constitution of bio-oil, indicating that bio-oil 
and petroleum asphalt primary consist of C, H, O, N. Additionally, the analysis of these elements of 
bio-oil suggests that the bio-oil and petroleum asphalt are compatible with each other. 
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5. Bio-oil Modified Asphalt Binder (Bio-asphalt) 
The assessment indicators, which are regularly employed to assess the high temperature of bio-
asphalt, consist of the examined penetration index (PI), softening point, equal softening point, and 
G*/sinδ [94]. The majorly employed indicators to assess the low-temperature anti-cracking condition 
of bio-asphalt include m-value and creep stiffness [83]. Castor oil was employed as the modifier of 
the chemical and physical properties of asphalt binder. A minor amount of castor oil improved the 
viscoelastic and physical characteristics of asphalt binders in the aspect of softening point, penetration 
index, and viscosity. However, large amounts of castor oil had a negative impact on the rheological 
and physical characteristics of the asphalt binder [95–97]. In Babadagli and Ozum and Sun et al.'s 
[98-99], application of canola oil as a way to modify the asphalt binder was found that the compaction 
and mixing temperatures was reduced due to the reduced rotational viscosity of the asphalt binder. 
The performance at high temperatures was reduced when the volume of oil increases, while the 
performance at low temperatures enhances with the rise in oil content. Wang et al. [100] recorded that 
the penetration value rose and the softening point was reduced with the increase in the proportion of 
bio-oil developed from sawdust. The pyrolysis of oil from empty palm fruit bunch was employed as a 
modifier, who also recorded that the bio-modified asphalt properties were more tender compared to 
those of the virgin asphalt with the increase in bio-oil amounts [101]. Moreover, small amounts of 
bio-oil as the modifier led to a notable reduction in asphalt grade. A slight reduction in the viscosity of 
the aged asphalt binder was caused by the wasted cottonseed and cooking oil, which then decreased 
the mixing and compaction temperatures. The complex modulus of the revived binder and rutting 
resistance parameter decreased during the increase in the phase angle [102]. To replace the petroleum 
asphalt binder, oak wood oil was employed, leading to the result that the rheological properties were 
identical and could be compared with the virgin bitumen binder properties [103]. In research by Jalkh 
et al. [104], the oil obtained from the spent coffee ground (SCG) was employed as a regenerator to 
investigate the rheological condition of asphalt binder. It was indicated from the findings that the oil 
of SCG could perform the restoration of the rheological characteristics of aged binder. A current 
research Gao et al. [105] emphasised on the rheological behaviour of high-temperature asphalt 
binders, which were modified using bio-oil obtained from wood chips. It was found that the 
performance of adjusted asphalt binders with 5% bio-oil, 10% bio-oil with 1% SBS, and 5% bio-oil 
with 1% SBS fulfilled the criteria of the original asphalt binder. The lowest amount of soybean oil 
employed as a modifier had an impact on the low temperature and fatigue characteristics of asphalt 
binder [20,106]. Li et al. [107] assessed the physical and rheological features of soybean bio- asphalt 
binder adjusted with 4% SBS. The findings presented an improvement in the low- and high-
temperature resistance of the asphalt binder. Furthermore, Mills-Beale et al. [2] highlighted that the 
bio-oils formed from swine waste could improve the asphalt binder low-temperature condition. In 
Raouf and Williams'. [5] investigation of bio-oil rheology in cornstover, it was found that the 
rheological features of cornstover bio-oils could be compared with those of conventional asphalt 
binders.The application of resin and pine wood oil demonstrated that low temperature of regenerated 
binder enhanced asphalt and binder [108,109]. Linseed oil was applied as the regenerator to the 
asphalt binder, while the ageing properties of the reacquired asphalt binder were maintained. It was 
found that the linseed oil could be utilized as a novel binder [110,111]. The bio-oils originating from 
castor and corn were assessed as extenders for comparison between the conditions of the two bio-
asphalts in the aspect of ageing and rheological features in pavement use. The bio-asphalt binder with 
castor oil showed outstanding thermal stability and low-temperature performance, while the bio-
asphalt with corn oil displayed improved rutting resistance. Notably, the bio-asphalt binders showed 
increased oxygen, which deteriorated ageing resistance, particularly when corn oil was applied [112]. 
Yang and You. [94] investigated the rheological performance of bio-oil modified asphalt binders in 
which the bio-oil was originated from excess wood. The binder rutting resistance was superior 
compared to the conventional mix although it eliminated the low-temperature condition. Fini et al. 
[30] stated that the bio-binder from swine manure could function adequately when incorporated to 
asphalt binder as it enhanced several asphalt binder features (low-temperature features and 
wettability) while offering environmental and economic advantages. Raouf and Williams's. [82] 
research on bio-oil led to various bio-oils produced from various sources, such as Oakwood, 
switchgrass, and corn Stover. Bio-oil was combined with polymer modifier and asphalt binder, 
followed by testing for temperature susceptibility of the mixture. It was found that bio-oil based 
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binders had a similar behaviour to asphalt binders. Finally, they concluded that bio-oil based binders 
behave much like asphalt binders. The viscosity of the virgin asphalt binder was decreased due to the 
rise in the cooking oil amount, which reduced the complex modulus and increased the phase angle of 
the asphalt binder [102]. This lowering in complex modulus and height in the phase angle had an 
adverse impact on the rutting resistance of the bio-asphalt binder, which improved fatigue resistance. 
At other temperatures, the G*/sinδ of sawdust heavy oil was lower than that of 70# petroleum asphalt. 
Furthermore, G*/sinδ of bio-asphalt was reduced with the rise in temperature [83]. Wang et al. [113] 
examined the rheological features of the bio-asphalt binder with waste cooking oil, (WCO) which was 
employed as a bio-oil and bio-asphalt binder adjusted with 4% SBS. The rutting resistance of the bio-
asphalt binders decreased with the increase of WCO content in comparison to virgin asphalt binder, 
while the improvement in resistance from fatigue was recorded with the increase of the bio-oil 
amount. The incorporation of 10% bio-asphalt could successfully reduce 4.6-4.9°C in a severe 
cracking temperature of PG 64-22, which decreased with the increase of bio-oil content [11]. Based 
on the data associated with PG 58–28, original wood bio-oil was more compatible as enhancer than 
dewatered wood bio-oil (DWB) and polymer modified wood bio-oil (PMB) for the low temperature 
performance [3]. The creep stiffness of PG 58–28 asphalt increased with the increase in the proportion 
of wood-based bio-oil. This indicates that the addition of a wood-based bio-oil reduces the low 
temperature performance [81]. Generally, the asphalt with original wood bio-oil showed the superior 
low temperature performance [83]. As for 50# matrix asphalt, a positive impact was observed from 
the incorporation of bio-oil on the low temperature performance, which suggested that the castor oil 
could enhance the low temperature performance [83]. The creep stiffness of PG 64–22 asphalt mixed 
with wood plant oil increased with the increase in the amount of bio-oil. Meanwhile, the creep 
stiffness of AH-50 asphalt blended with soybean oil and cottonseed showed a reduced trend occurring 
with the rise in bio-oil content [114]. Compared to the creep stiffness, the m-values of some types of 
bio-asphalt were recorded with an opposite impact to the increase in the bio-asphalt content. Notably, 
provided that higher m-value improved the asphalt cracking resistance [115]. Three categories of bio-
asphalt made of wood plant oil, castor oil, cottonseed and soybean oil were found to improve the low 
temperature performance of the asphalt binder. Table 3 demonstrates the performance indicators 
employed in various studies, for diverse categories of biomass. 
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6. Conclusion  
This review discussed on the potential of converting biomass into bio-oil for the use in asphalt binder 
modification. Biomass is one of most important renewable energy sources. Based on the review, it can 
be identified that hydrothermal liquefaction is an effective method for converting biomass into bio-oil. 
The results show that the bio-oil yields increase with increasing reaction temperature, however there 
is a temperature limit after which a further temperature increase reduces the bio-oil yields. The short 
holding time favours high bio-oil yield whereas long holding time promotes secondary reactions and 
leads to the productions of gases and char and therefore, reduces the bio-oil yield. In addition, current 
review concluded that petroleum asphalt and bio-oil mainly contain C, H, O, N. The analysis of these 
elements of bio-oil appears that there is a good similarity between petroleum asphalt and bio-oil. On 
the other hand, the influence of bio-oil on the asphalt binder performance has resulted with good low 
temperature performance whereas the high temperature performance of the asphalt binder's decreases. 
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